We extend our previous study [Chem. Phys. Lett. 197, 413 (1992)] of the molecular stabilization in intense laser fields by considering the dynamical behavior of the H&+ molecules in intense femtosecond short laser pulses at 775 nm. Significant stabilization and population trapping of high-lying vibrational states and chemical bond hardening are predicted for both continuous-wave (cw) lasers and short laser pulses. While the intensity dependences of the laser-induced stabilization are essentially the same for both cases, the detailed wave-packet localization dynamics is quite different. The correlation of the time-dependent dynamics with the time-independent Floquet complex quasienergy results, the probability for localization, the pulse-width dependence of molecular stabilization, the proton kinetic-energy spectrum, as well as the contrary dynamical response of low-and high-lying states, are studied at length for intense short laser pulses. In addition, the dynamic origin of "bond-softening" (for low-lying vibrational states) and "bond-hardening" (for high-lying vibrational states) effects in intense laser fields are explored. PACS number(s): 34.50. Rk, 33.80.Gj, 33.80.Wz 
I. INTRODUCTION It is now well known that multiphoton dissociation (MPD) of polyatomic molecules is a rather efficient process and can occur in relatively weak infrared laser fields [1, 2] . On the other hand, MPD of small molecules such as triatomic and diatomic molecules is a slow and inefficient process, due to the low density and anharmonicity of vibrational states. For diatomic molecules, the nonperturbative time-independent Floquet method and complex vibrational quasienergy formalism [3] was first developed in 1981 and applied to the study of intensefield photodissociation of low-lying vibrational states of H2+ for intensity up to 5.0X10' W/cm . The laserintensity-dependent multiphoton excitation dynamics can be understood in terms of the avoided crossings of adiabatic electronic-field potential curves [3] . Subsequently the Floquet method and an inhomogeneous differential equation method were extended for the studies of MPD of H2 + [4] and HD+ [5] from highly excited vibrational states. These latter studies were prompted by the first experimental observation of two-photon dissociation of HD+ from highly excited vibrational states [6] . These theoretical investigations revealed that MPD from the (weaker-bound) high-lying vibrational levels is far more efficient than from those (tighter-bound) low-lying levels when the intensity of the laser fields is relatively weak.
Other related theoretical study using different theoretical methods has postulated the existence of laser-induced bound states for the Ar2+ system at a laser intensity around 10" W/cm [7] . All of these earlier theoretical works, however, were confined to the case of continuouswave (cw) laser excitation. Wave-packet dynamics, laser-pulse effects, and laser-induced bond-softening and bond-hardening effects (the subject of the present paper)
were not explored in these studies.
Recent advances in high-intensity experiments on multiphoton and above-threshold ionization of atoms [8] have stimulated renewed interest in the study of multiphoton dynamics in diatomic molecules [9 -15] . In particular, experiments on multiphoton dissociation of molecular hydrogen [9 -12] have revealed two notable intense-field phenomena.
(i) The molecules can absorb more photons than necessary to dissociate the chemical bond, and the kinetic-energy distribution of the dissociated fragments shows the appearance of equally spaced multiple peaks, a phenomenon termed above-threshold dissociation (ATD) [9, 13] . ( ii) The H2 chemical bond can be "softened" in the presence of intense laser fields, leading to efficient photodissociation of low-lying vibrational levels [9] . The presence of additional internuclear degrees of freedom in molecules enriches greatly the nonlinear multiphoton dynamics.
In a recent letter [14] , we investigated the laserinduced resonance structure and [15, 16] within the complex vibrational quasienergy formalism [3] . The method is simple to implement and allows accurate and efficient determination of both lowlying and highly excited vibrational quasienergy resonances simultaneously by a single diagonalization of a non-Hermitian time-independent Floquet Hamiltonian.
Our Floquet results [14] show that with increasing the laser field strength the high-lying vibrational states are stabilized, in contrast to the low-lying states which become less and less stable ("bond softening" [9] ). The lifetimes of these high-lying resonances increase with the laser intensity and the molecular bond is thus harder to break in high fields (which we refer to as "bond hardening"). In addition to the time-independent Floquet calculations, we also performed a time-dependent MPD-ATD dynamical calculation [14] [17] ,using a different theoretical technique.
In this paper, we will extend the previous work and address these questions by studying the MPD-ATD dynamics of the H2+ molecular ions in intense Gaussian laser pulses. The peak-intensity dependence of the stabilization and trapping dynamics and the correlation between the MPD-ATD dynamics and the complex vibrational quasienergies will be focused. In Sec. II we first outline briefly both the time-independent and the time-dependent theoretical frameworks. The molecular vibrational resonance structure and the wave-packet dynamics are studied for cw laser fields. In Sec. III the dynamics of the vibrationally excited molecular ions in intense Gaussian laser pulses is studied in detail for various laser peak intensities, laser-pulse widths, and initial vibrational preparation. This is followed by a conclusion in Sec. IV.
II. MOLECULAR STABILIZATION AND TRAPPING IN cw LASER FIELDS
As the time scales we will consider are much shorter than the rotational time scales (500 fs or longer), the rotational degrees of freedom are frozen and are not involved.
We will thus focus our study on the multiphoton excitation of the vibrational degrees of freedom between the two lowest electronic states (iso. g and 2po ") of the H2+ molecular ion. We first discuss the case of continuouswave laser excitation. In an intense cw laser field, the two electronic states are strongly coupled and a tirneindependent coupled-channel Floquet approach [3] can be employed to determine the laser-induced vibrational quasienergies.
Recently a CSFGH method has been developed [16] and applied to the study of both shape resonances and MPD-ATD rate [14, 15] . The 
where f (R, t) and g"(R, t) are the probability ampli- [14, 15, 18] . To determine the complex vibrational quasienergy states, a complex-scaling transformation [18] , R~R e' can be made which leads to a complex-scaling Floquet Hamiltonian HF(Re' ). Instead of expanding the nuclear wave functions in terms of a set of basis functions (L basis-set expansion method) as in earlier work [3, 4] , we can discretize the Floquet Hamiltonian using the Fourier-grid method [19] . The matrix elements in the Floquet basis I rx, n ) -=~a )Ĩ n ) (where~a ) denotes the electronic states and n is the photon Fourier index ranging from -00 to + Oc ) can be written as [14, 15] (R; [HF(Re' )] "g~I R )
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0.0 -4, 0: Let us first consider a special laser field which is turned on within 20 fs and then held constant. This is a pulse shape used in many theoretical studies on atomic stabilization in superstrong fields [22] . It is similar to a cw laser field but with a reasonable (sin ) ramp. Figure 3 displays the time evolution of the wave-packet of the molecular system in such a laser field. Initially the molecule is prepared at the v = 14 vibrational excited state (seẽ~1 3 the t =0 wave packet) and the laser intensity is 5X10 W/cm . At such high intensity, the inner part of the molecular wave packet is rapidly dissociated (see t = 10 and 50 fs graphs). Of particular interest to us, however, is that the outer part of the wave packet is very stably localized and trapped at long times (t =100, 150, and 200 fs). Moreover, the trapped part is localized at an internuclear distance (RO=6. 5 a.u. ), independent of time. This is due to the special pulse shape we consider and, as we will see, is generally not the case for a Gaussian pulse.
For this simple cw-like laser case, it is interesting to observe that R o is precisely the internuclear distance corresponding to the minimum of the uppermost adiabatic potential well (labeled~g , 0)) at this intensity [c. f. Fig. 1(c) ].
It implies the wave packet is trapped by this adiabatic potential well associated with one-photon transition. This is consistent with the results of the complex quasienergy lifetime calculations [c.f. Fig. 2(c) It is a manifestation of the bond-hardening effect in the case of the laser pulse and is qualitatively consistent with the picture obtained from our time-independent Floquet quasienergy calculations [14] . In spite of the slow variation of the total local probability around the peak laser intensity, there is an appreciable dropping in the curve near the trailing edge of the pulse. The reason can be clearly understood from Fig. 6 , where the time development of the wave packet in the case of Fig. 5(b) is displayed. While the wave packet is essentially restricted to the short-distance region R & R,
(R, =15 a.u. ) after t = -50 fs, a large wave packet spreads very slowly into the longer internuclear distance region during the falling edge of the pulse. On the contrary, the inner part population of the localized wave packet again feeds back to shorter-distance region (see the t = 100 fs graph). Here trapping manifests itself not only in the final trapped portion after the pulse is over, but in the temporarily trapped part which leaks out slowly with time. The slow leakage effect has recently also been observed by Giusti-Suzor and Mies [17] who referred to it as the "n =0 dissociation" (their n =0 channel is equivalent to our uppermost adiabatic channel g, O) indicated in Fig. 1 ). In their case (A, =248 nm, peak intensity I~= 5 X 10' W/cm ), the adiabatic curve corresponding to the~g , O) channel is repulsive and lies above the n =0 asymptote. This allows a portion of the trapped wave packet to be pushed above the threshold. In our case (peak intensity I = 5 X 10' W/cm and A. = 775 nm), however, the uppermost adiabatic potential curve [c.f. Fig. 1(c) ] is still attractive around the one-photon avoided crossing region. Thus we might attribute the leakage effect to the fact that the potential well collapses and therefore can no longer support the temporarily trapped large-R wave packet as the laser intensity decreases in the second half of the pulse. This interpretation is consistent with a comparison between the localized wave packet in Fig. 6 and the potential well in Fig. 1(c) .
The leakage dissociation manifests itself in the proton kinetic-energy spectrum in Fig. 7 as well, were the lowenergy peak represents the slowly leaking trapped frag- IG. 7. Proton energy distribution after the pulse is over for the same case as in Fig. 6 . The first peak corresponds to the dissociation due to slow leakage of the temporarily localized wave packet and the second peak is due to the one-photon dissociapacket, an tion. The dynamics of the molecular stabilization depen s also on the laser pulse length. (Fig. 4) . Figure 9 shows the time-dependent wave packet for the molecule initially prepared in the v =5 state. The pulse shape is also Gaussian and the pulse width is also 100 fs. The peak intensity is 5X10' W/cm . We find that the low-lying state is quickly and almost completely depleted by the same pulse used in Fig. 5(b) and Fig. 7 . In contrast to the bond-hardening phenomenon for highlying states like v =14, this is a phenomenon of bondsoftening [9] . By comparing with the time-independent results for adiabatic potentials and quasienergies [c.f. Fig.  1(c) ], it is evident that the rapid dissociation of the lowlying state is due to the exposure of the v =5 state directly to the dissociation continuum resulting from the increasing multiphoton avoided crossing gap between adiabatic potentials with increasing laser intensities. Figure  10 displays the proton energy spectrum after the pulse is over. The first peak here corresponds mainly to the dissociation fragment into the 2po"electronic state due to the one-photon absorption and the second peak to the dissociation fragment into the 1so. state due to twophoton absorption. This second peak thus represents the dissociation due to ATD, i.e. , to the absorption of one more photon than necessary for dissociation. The spectrum here is also different from that of Fig. 7 where the first peak corresponds to the "leakage dissociation" and no ATD process is appreciable. Similar to that case, the main peaks possess interesting quantum-mechanical interference patterns. In Fig. 10 Floquet rate calculations and the time-dependent wave-packet results. In a cw-like field, the correlation is evidenced by the fact that the wave packet is localized precisely at the adiabatic potential well. In a Gaussian laser pulse, however, laser-induced trapping and localization manifest themselves differently, in spite of the same intensity dependence as in the cw case. First, the trapped population can be redistributed for different internuclear distances as the instantaneous intensity decreases. Second, the wave packet which is temporarily trapped at large distances may slowly leak out for high peak-intensity pulses. The presence of such low-energy fragments in the proton kinetic-energy spectrum is an indication of the temporal trapping. Finally the subpeak structures in the main peaks of the ATD spectrum may be attributed to the quantum interferences of continuum wave packets created at the leading and trailing edges of the pulse [17, 24] .
The high-intensity effect of the high-lying vibrational states we have discussed is contrary to that of the lowlying states. While the former is more and more stabilized and trapped (bond-hardening), the latter is more and more rapidly dissociated (bond-softening) with increasing laser intensity. They are all due to the strong distortion of the molecular potentials and vibrational structures in intense laser fields.
The population trapping around the three-photon avoided crossing has recently been observed experimentally [20] for A, =775 nm. In this experiment, a mixture of initial vibrational levels of H2+ is created following the multiphoton ionization of H2 molecules. Since the relative population of the initial vibrational levels was not determined by the experiment, direct comparison of the present calculation with the experimental data is not straightforward.
(We also note that in our present study, we do not include the ionization continuum.
A recent study by Muller [25] using the length gauge indicates that the neglect of competition with photoionization can be justified. ) While our previous study [14] 
